In Sri Lanka, among 2588 Salmonella positive cases, the highest incidences were recorded from Jaffna peninsula during 2005 to 2013. Therefore, the present study aimed to identify the microbiological and chemical contamination status of groundwater (40 well water) sources in Jaffna during November 2016. The total coliform, E. coli, Salmonella spp. and Shigella spp. along with some physico-chemical parameters of groundwater were studied. The results revealed that entire peninsula was contaminated with total coliform and E. coli bacteria and the parameters recorded were not within the WHO and SLS (Sri Lanka Standards) drinking water quality standards. 38% of sampling locations were positive for Salmonella spp. and among them six sampling locations were being used for drinking purposes. The results of the study correlates with the statistics of typhoid cases recorded in Jaffna. Results of the study also revealed that around 80% of wells were not within the values specified in guidelines of the SLS for drinking water quality on electrical conductivity. Further, 15% of wells recorded greater than 10 mgꞏdm -3 nitrate, which is still below the SLS drinking water standards (45 mgꞏdm -3 ). According to the water quality data, PCA analysis showed that Jaffna town, Nallur, Tellippalai and Kopay DS divisions has similar characteristics for water quality.
INTRODUCTION
Groundwater is a most vital natural resource for life due to its purity and availability [VERMA et al. 2013] and plays a significant role for drinking, industry, agriculture and domestic sectors . In Sri Lankan context, most part of the country around 60% people extract groundwater for drinking from shallow dug wells [MENR, UNEP 2009] and its annual availability for consumption is around 7800 million m 3 [MENR, UNEP 2009] . The Jaffna Peninsula is located in the Northern Province of Sri Lanka and surface and running water sources such as rivers, streams and springs are not available. According to the Asian Development Bank, 53,600 protected wells, 8,800 unprotected wells and 5,100 tube wells are recorded in Jaffna district by 2010, and these wells are distributed all over the rural and semi-urban areas in Jaffna, mostly as private wells associated with single family homesteads [VILLHOLTH, RAJASOORIYAR 2010] .
Jaffna Peninsula is an agrarian area which cultivate and produces different types of commercial crops such as vegetables, red onions, tobacco, chilies, grapes and bananas, etc., and agriculture is the main source of livelihood for 65% of the population [THADCHAYINI, THIRUCHELVAM 2005] . JEYARUBA and THUSHYANTHY [2009] reported that farmers use high amount of organic and green manures, inorganic fertilizers and agrochemicals for their crop without a knowledge in fertilizer requirement for plants. Thus, high nitrate concentrations in well water were recorded in the area [SUTHARSINY et al. 2014] and it is very likely related to the intensive cultivation practices . Based on the limited availability of drinking water sources, number of studies have been conducted to evaluate the suitability of well water for drinking in Jaffna by means of physico-chemical parameters [HIDAYATHU-LLA, KARUNARATNA 2013; JEYARUBA, THUSHYANTHY 2009; KUMARA et al. 2013] and limited records are available on total coliform and E coli contamination and no inventory on Shigella spp. and Salmonella spp. contamination in well water [ARULNESAN et al. 2015] . Waterborne infections are common and widespread when clean water and sanitation are not in satisfactory level [HUNTER 1997] and cause waterborne gastrointestinal diseases outbreaks [CRAUN et al. 2006] . According to the World Health Organization (WHO) two and a half billion people have no access to quality portable water and more than 1.5 million children die each year from diarrheal diseases [FENWICK 2006 ] and 3.4 million people, mostly children, die from water-related diseases [WHO 2003b ]. Salmonellosis and Shigellosis are the most common and widely distributed waterborne and foodborne diseases in worldwide and usually characterized by acute onset of fever, diarrhea, abdominal pain, nausea and vomiting [CHALKER, BLASER 1988] . HUNTER [1997] stated that mainly developing countries in Asia and African continent suffer from gastro intestinal diseases due to consumption of contaminated water and a number of studies have shown that the Salmonella and Shigella contamination was significant in sewage effluents, freshwater, marine waters and well water with poor sanitary practices [ADB 2010; MAHAGAMAGE et al. 2016a, b, c; MANNAPPERUMA et al. 2013] . Accordingly, the Health Ministry statistics of Sri Lanka from 2005 to 2013 revealed that among 2588 Salmonella positive cases, the highest incidences were recorded from Jaffna Peninsula.
Therefore, evaluation of water quality and epidemiological data in Jaffna Peninsula is of high contemporary importance and the Asian Development Bank [ADB 2010] highlighted the importance of the study on water quality and priority was given to Jaffna Peninsula to focus on pathogenic bacteria contamination in well water as groundwater is the only drinking water source for human consumption in Jaffna. Hence, the present study focused to evaluate the microbiological contamination status of well water in Jaffna Peninsula by means of total coliform, E. coli, Salmonella spp., Shigella spp. along with hydrochemical qualities.
MATERIALS AND METHODS

STUDY AREA
The Jaffna District covers an area of 1,023 km 2 and contains low percentage of surface water sources due to its karstic nature, the terrain of the peninsula is flat and it reaches the highest elevation of 10.5 m [DISSANAYAKE, SENARATNE 1981] . Accordingly, shallow karst aquifer type wells are located beneath by Miocene limestone formations which are generally from 100 m to 150 m thick [PANA-BOKKE 2007] . Further, karstic aquifer is mainly dispersed across the western half of the peninsula and its outer islands, the eastern half of the peninsula beyond Point Pedro and Chavakachcheri is mainly made up of sandy regosols on recent beach and dune sands, which supports a different type of aquifer. The soil of the Peninsula varies from welldrained and highly productive red yellow latosols in the central area (60,000 ha); alkaline, saline regosol soils in the coastal area (26,000 ha); and alluvial soils in the Valukki Aru area (10,000 ha) [MIKUNTHAN et al. 2013] .
WATER SAMPLING
Water samples were collected from forty wells including dug wells, tube wells and agro-wells in the Jaffna Peninsula during November 2016 (Tab. 1, Fig. 1 ). Pre-cleaned 
PHYSICO-CHEMICAL ANALYSIS
Water temperature, dissolved oxygen (DO) and pH parameters were measured using a HQD portable multimeter (HACH -HQ 40D) and total dissolved solids (TDS), electrical conductivity (EC) and salinity were recorded using a portable conductivity meter (HACH -Sension EC5) at the site itself. Chemical oxygen demand (COD) was determined by using the closed reflux method where ammonia (as N-NH 3 ), nitrates (as N-NO 3 ), nitrite (as N-NO 2 ) and total phosphate (TP) concentrations were measured by the Spectrophotometric (Spectro UV-VIS Double UVD 2960) methods. Total hardness was determined by using the titrimetric method with EDTA following the standard method [APHA 1999] . 
Identification of Salmonella spp. and Shigella spp.
26 samples were subjected to identification of pathogenic Salmonella spp. and Shigella spp. 1 dm 3 of sample was filtered through 0.45 µm filter papers (Whatman Cat No: 7001 0004, D-47mm) and then the filter paper was dipped in the sterile 0.09 dm 3 buffered peptone water and incubated at 37°C for 18 ± 2 hours. After incubation, enriched broth (BPW) was inoculated to selective enrichment media. 0.001 dm 3 of enrichment broth was added into 0.01 dm 3 of Rappaport Vassiliadis soya peptone broth (RVS) and incubation was followed at 41.5°C for 24 ± 3 hours and 0.001 dm 3 of enrichment broth into 0.01 dm 3 of selenite cystine broth (SCB) was incubated at 37°C for 24 ± 3 hours. After the selective enrichment, colonies were isolated by streak plating onto Salmonella-Shigella agar (SSA) and Xylose lysine deoxycholate agar (XLD) then the plates were incubated at 37°C for 24 ± 3 hours. Suspected colonies of Salmonella spp. and Shigella spp. were identified by using colony appearances. Further, identification of suspected colonies of Salmonella spp. and Shigella spp. were performed by biochemical tests; Kligler Iron Agar (KIA) test, urea test, lysine decarboxylation test, indole test and motility test following standard protocol [HPA 2006; 2007; SLCM 2011] .
STATISTICAL ANALYSIS
The dataset was processed using the Minitab (version 15) statistical software. Principal Component Analysis was carried out for 14 physico-chemical and microbiological parameters along with depth of 40 groundwater sampling locations.
GIS THEMATIC MAPPING
Collected data of groundwater quality in the whole Jaffna Peninsula was stored in a geographic information system (GIS) database. These data were digitized with a Sri Lanka survey department digital map created in 1999 at 1:50 000 scale. The inverse distance weighted interpolation (IDW) under spatial analyst tool in the ArcGIS 10.0 software was employed for interpretation of data.
RESULTS AND DISCUSSION
GROUNDWATER QUALITY
The spatial distribution pattern of water quality parameters in well water of the study area is shown in Figure 2 . pH is one of the most important water quality parameter, and the optimum required pH in drinking water is often being in the range between 6.5 to 9.5 [WHO 2004 ]. According to Sri Lankan drinking water standards, the highest desirable level for pH range is 7.0-8.5 where the maximum permissible level is 6.5-8.5. In the present study, the minimum and maximum values of pH in groundwater were 6.55 and 8.72 respectively, and the values remained within the WHO and SLS maximum permissible level, but not within the highest desirable level for SLS water quality standards. Spatial distribution pattern of pH in the study area is given in Figure 2c which shows high pH (<7.5) at Delft and Nainathivu (Nagadeepa) islands, which may due to aquifer type of the island is limestone with some unconsolidated brown [GOONATILAKE et al. 2013] . Electrical conductivity (EC) is a parameter related to total dissolved solids (TDS) and salinity. EC is comprised of inorganic salts (principally calcium, magnesium, bicarbonates, chlorides, potassium, sodium, nitrates and sulphates) and small amounts of organic matter that are dissolved in water [NAS, BERKTAY 2010] . According to the Sri Lankan water quality standards, 750 μSꞏcm -1 is the recommended value for EC. It was found that that 80% of groundwater samples exceeded the recommended guideline values of EC for drinking water in Sri Lanka (750 μSꞏcm -1 ) and WHO standards . The highest EC was recorded (8523 μSꞏcm -1 ) from Delft Island and this may due to the saline water intrusion into shallow aquifers (Fig. 2b) . TDS and salinity of well water was ranged between 227.4-5369.4 mgꞏdm -3 and 162.4-3835.3 mgꞏdm -3 , respectively. JOSHUA et al. [2013] documented similar results for TDS and stated that the coastal wells are dominated by the high content of sodium chloride in sea water and these wells probably intercept the transition zone with brackish water. In the study some dug wells marked as 6, 7, 9, 25, 30, 32, 35, 36, 40 KOBAYASHI [1957] showed a relationship between water hardness and the incidence of vascular diseases. Other studies reported the existence of a relationship between cardiovascular disease mortality and water hardness [EMMANUEL et al. 2013] . Nonetheless, a large number of studies covering many countries suggest such a correlation [DISSANAYAKE, CHANDRAJITH 2009 ]. RUBENOWITZ-LUN-DIN and HISCOCK [2013] have documented that very hard natural water with CaCO 3 concentration higher than 200 mgꞏdm -3 with a magnesium concentration lower than 7 mgꞏdm -3 may affect various organs including the cardiovascular physiology. Further, the acidity of the water influences the reabsorption of calcium and magnesium in the renal tubule [SENGUPTA 2013 ]. However, public acceptability of the hardness may differ from one community to another depending on residential background. The results of the present study showed hardness of water in the Jaffna was ranged between 45.33 to 611.33 mgꞏdm -3 and the highest value was recorded from Velanai North (611.33 mgꞏdm -3 ) Figure 2d . Except one sampling location, rests were having hard or very hard water according to USGS [2016] In general nitrate concentration in groundwater of Sri Lanka is low but water leaching through surface to ground water via soil, through agricultural lands, human and animal waste result high concentration of nitrate in ground water [WHO 2004] . During recent years, the groundwater contamination by nitrate has been documented all over the world [FYTIANOS, CHRISTOPHORIDIS 2004] and Jaffna Peninsula [SUTHARSINY et al. 2014; VITHANAGE et al. 2014] . The health concerns about consumption of high nitrate and nitrite contaminated water and its significant health impact due to formation of methemoglobinemia causing blue baby syndrome was well documented in different parts of the world [NAS, BERKTAY 2010; WHO 2004] . The spatial distributions pattern of nitrate levels in the present study is given in Figure 2e and of nitrate, which may due to the intensive agricultural practices within and around the area. NAGARAJAH et al. [1988] reported the use of organic manure from cattle, goats and inorganic fertilizers along with agrochemicals are high around the area where high nitrate was reported, and thus, leaching of excess fertilizers into the shallow aquifers through soil could be a major reason. However, the results of the study showed that 88% of drinking water wells were within the WHO and SLS drinking water guidelines for nitrate, and only three sampling locations at Annakodi (10.0 mgꞏdm -3 ), ) and Palai (15.8 mgꞏdm -3 ) exceeded the concentration recommended for human drinking water by WHO. Inadequate distance between toilet pits and drinking water wells may also have been a significant factor responsible for high nitrate in ground water [GUNASEKARAM 1983] . Present results showed a clear relationship between the distance of toilet pit (<20 feet) and dug well with high contamination of nitrate. Thus, the site geology and soil type in Jaffna Peninsula are considerable geological factors that affect the ground water quality in terms of nitrate contamination [RAJASOORIYAR et al. 2002] . Although nitrate is the major form in which nitrogen occurs in groundwater, there is also dissolved nitrogen in the form of ammonia and nitrite [FREZE, CHERRY 1979] . Ammonia and nitrite concentrations in groundwater of the study area ranged from <0.10 to 0.82 µgꞏdm -3 and from <1.00 to 15.22 µgꞏdm -3 respectively. The highest values of ammonia and nitrite were detected at Delft island (Fig. 2f, g ), where only one sampling location (Delft -Nadukuruchi: 15.2 µgꞏdm -3 ) was exceeded the guideline value of nitrite (SLS614, 1983 <10 µgꞏdm -3 ) and the other wells were remained within the SLS drinking water guideline value for ammonia (60 µgꞏdm -3 ). The total phosphorous (TP) concentration in groundwater is normally low as phosphates are moderately soluble [FADIRAN et al. 2008] . However, concentration of phosphate can increase in groundwater as a result of agricultural or anthropological activities. In the present study, it was found that TP concentration ranged between 32.36 to 240.55 µgꞏdm -3 and the highest concentration recorded at Delft Island (Fig. 2h) . Interestingly, 73% sampling locations exceeded TP concentration greater than 100 µgꞏdm ). The coliform count is used as an indicator of treatment efficiency, sanitation and the reliability of the water supply systems. Escherichia coli (E. coli), is one species of the coliform group, which is always found in faeces [WHO 1997] . Therefore, the present study focused on total coliform (TC) and E. coli count in the groundwater to evaluate quality of water for human consumption as a critical factor. The results indicate that the entire peninsula was contaminated with both total coliform and E. coli bacteria. 85% and 23% of wells recorded greater than 200 CFUꞏ(0.1 dm 3 )
-1
-for TC and E. coli, respectively (Fig. 2i, j) . Similar results were recorded by ARULNESAN et al. [2015] and present study recorded that the majority (90%) of public water sources in peninsula was microbiologically unsatisfactory. Further, coliforms are indicators of existence of microorganisms, which show pollution of water and the possibility of having disease-causing organisms. Considering the fact, present study specially focused on pathogenic bacterial contamination of groundwater in the peninsula. Typhoid or enteric fever is a universal infection caused by the bacterium Salmonella enterica, subspecies enterica serotype Typhi, and contracted by ingestion of contaminated water [COLOMBA et al. 2006] . The Jaffna District is divided into 11 Medical Offices of Health divisions [MOH 2013] . More than half of cases relates to Enteric fever (51%) are from 5 districts in Sri Lanka (Jaffna, Colombo, Vavuniya, Nuwara-Eliya and Badulla) and the highest incidences were recorded from the Jaffna district (2588 incidents from 2005 to 2013) [PALIHAWADANA 2015] . The results of this study revealed that 38.4% sampling locations were positive for Salmonella spp. and among them, six sampling locations were strictly used for drinking. PALI-HAWADANA [2015] documented that from 2013 to 2014, 1579 typhoid cases were reported in Sri Lanka and out of 1579 cases, 28.4% typhoid cases (448) were reported from the Jaffna district; and it was the highest typhoid cases recorded in Sri Lanka. The distance between toilet pits and drinking water sources are again inferred as the possible reason.
As per the Asian Development Bank [ADB 2010], many Asian cities suffer from poor sewerage networks and wastewater treatment systems; and a majority of them still depends on on-site sanitation facilities. The results of this present study revealed that the majority of the households in the Jaffna area have their toilet pits close to their own dug well (Tab. 2) and around 74% of the selected wells have only a minimum distance between the toilet pit and the groundwater source well that is less than 4.6 m which is below the recommended distance (16 m) given by the PHI manual, Sri Lanka [Ministry of Health Public Health Services 2010]. Dug wells in Thirunelvely and Delft -Nadukuruchi wells that are used for agricultural activities were found positive for Salmonella spp. NAGARAJAH et al. [1988] and YOU et al. [2006] documented that the use of high levels of organic manure from cattle and goats for cultivation can be a possible route cause to contaminate groundwater by pathogenic Salmonella spp. in Jaffna area. Further, pathogenic contamination may occur due to the nature of the geographical soil of the area as well. According to the PANABOKKE and PERERA [2005] Jaffna is favourable for groundwater pollution, with limestone as the main aquifer which has no purification capacity. Chemical oxygen demand (COD) is a measure of the capacity of water to consume oxygen during the decomposition of organic matter and the oxidation of inorganic chemicals such as ammonia and nitrite, and is widely used to determine the amounts of organic pollutants level in water. In the present study, COD concentration ranged between 8.98 to 303.46 mgꞏdm -3 and the highest concentration recorded from Point ). Almost all sampling points were not within the guidelines value (10 mgꞏdm -3 ) given by the SLS and WHO for drinking water. HASKONING and KONSULT [1989] showed that human faeces and urine contribute to more COD in water. Considering the results on distance between toilet pits and drinking water wells, it was found that majority of dug wells were situated in a distance less than 6.1 m from the toilet pits in most of the sampling locations. Thus, the distance between toilet pits and wells may be a possible major reason to detect high concentrations of COD in groundwater in Jaffna Peninsula (Fig. 2k) .
STATISTICAL ANALYSIS
Principal component analysis (PCA) is a nonparametric method of classification, which generally used for reducing the dimensions of multivariate problems without loss of information given by the study . To determine the correlation between both locations and water quality parameters, PCA was performed. PCA results showed that Jaffna, Nallur, Tellippalai and Kopay DS divisions have similar water quality characteristics with regard of water quality and the same DS divisions showed high concentration of nitrate and TC count (Fig.  3) . In addition, Nainathive and Chunnakam DS divisions also have been grouped by PCA analysis. Nainathive locations showed high values of ammonia, pH, DO and temperature during the study period and Chunnakam agro wells were found to be high in E. coli count. The loading plot is indicating correlation between conductivity, TDS, salinity, hardness and nitrite where locations 14, 17 and 18 showed high values for the mentioned parameters as well.
CONCLUSIONS
The primary objective of the present study was to evaluate groundwater quality in Jaffna Peninsula along with its pathogenic contamination status. The results indicate that the entire peninsula was contaminated with total coliform, E. coli and 38% sampling locations were positive for Salmonella spp., and among them six sampling locations were used for drinking purposes. The microbiological data of the present study is highly correlated with typhoid cases recorded previously by MOH data. 35% of sampling locations showed high hard water quality (more than 180 mgꞏdm -3 ) according to USGS [2016] classification. Majority of the sampling locations were not within the drinking water quality standards given for COD by SLS and WHO (SLS 614 2013 -10 mgꞏdm -3 ). In approximately 15% sampling locations, greater nitrate concentration (10 mgꞏdm -3 ) was recorded. However, the recorded nitrate levels are still below the values given for drinking water by the SLS (SLS614 1983 -45 mgꞏdm -3 ). According to the water quality data, PCA analysis showed that Jaffna town, Nallur, Tellippalai and Kopay DS divisions has similar characteristics for water quality. Results revealed that proper management plan is necessary to save groundwater resources of the Jaffna Peninsula along with implementing awareness programs and rules and regulations for water pollution. 
